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We study current-induced deterministic magnetization switching and domain wall motion via polar
Kerr microscopy in all-amorphous W66Hf34/CoFeB/TaOx with perpendicular magnetic anisotropy
and large spin Hall angle. Investigations of magnetization switching as a function of in-plane assist
field and current pulse-width yield switching current densities as low as 3× 109 A/m2. We accredit
this low switching current density to a low depinning current density, which was obtained from
measurements of domain wall displacements upon current injection. This correlation is verified by
investigations of a Ta/CoFeB/MgO/Ta reference sample, which showed critical current densities of
at least one order of magnitude larger, respectively.
I. INTRODUCTION
Switching of ferromagnetic thin films by means of the
spin Hall effect (SHE) in heavy metal/ferromagnetic
(HM/FM) bilayers with perpendicular magnetic
anisotropy (PMA) has been studied intensively over the
last years [1–15]. In these systems, the switching current
density jsw is typically in the order of 10
10 to 1011 A/m2.
Recent work suggests that the SHE switching is limited
by the depinning of domain walls [16]. Therefore, a
decrease of the depinning current density jdep should
result in a reduced jsw. Micromagnetic simulations [17]
show that the pinning of domain walls depends on the
ratio of the domain wall width pi∆DW to the average
grain size 〈L〉, where the maximum pinning strength
is found for pi∆DW ≈ 〈L〉. For sufficiently small grains
(〈L〉  pi∆DW), local variations of the anisotropy, which
give rise to pinning, are averaged out over the domain
wall width, resulting in weak pinning. Pinning is thus
minimized in single crystal films with 〈L〉  pi∆DW or
in nanocrystalline/amorphous films with 〈L〉  pi∆DW.
This hypothesis is supported by a report on reduced
pinning in nanocrystalline W/CoFeB/MgO thin films,
prepared via sputter deposition at high deposition
rates [18], and a similar observation of weak pinning of
skyrmions [19]. Based on this hypothesis, in the present
work we investigate the switching current densities
in an all-amorphous system and study its relation to
domain wall pinning. For this purpose, we continue our
investigations of a WxHfx−1 8 nm / CoFeB 3 nm / TaOx
2 nm system [20], which exhibits a phase transition from
a segregated phase mixture to an amorphous alloy for
x ≤ 0.7. Due to the accompanying jump in resistivity,
the SHA shows a pronounced maximum of θSH = −0.2
at the phase transition. For the amorphous compositions,
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XRD patterns indicate at most some local order with a
coherent scattering length of Dz ≈ (0.9± 0.2) nm. In
this system, PMA can be obtained by decreasing the
FM layer thickness and post-annealing the sample. First
observations of domain nucleation and expansion upon
out-of-plane field application showed the formation of
large domains with only few pinning sites. We understand
this as a hint for weak pinning in the amorphous W-Hf,
making this system interesting for investigation of a
correlation between the lack of crystallinity and weak
pinning. Finally, the large SHA of the amorphous W-Hf
should allow for efficient current-induced magnetization
switching.
Here, we report on current-induced magnetization
switching experiments (CIMS) and current-induced do-
main wall motion (CIDWM) experiments, performed on
all-amorphous W66Hf34/CoFeB/TaOx with perpendicular
magnetic anisotropy and large spin Hall angle via polar
Kerr-microscopy. For comparison, we additionally investi-
gate a reference system consisting of Ta/CoFeB/MgO/Ta
which is known to exhibit stronger domain wall pinning.
After preparation via sputter deposition, both systems
were electrically and magnetically characterized to ensure
comparability, and patterned for the observation of do-
main wall motion and magnetization switching. In case
of the W-Hf/CoFeB/TaOx, the maintenance of the amor-
phous phase during the sample processing was verified
by comparing the sheet resistance before and after post
annealing. In order to study the correlation between the
switching current density and the depinning current den-
sity we conduct the same CIMS and CIMDW experiments
on both systems. We obtain critical current densities of at
least one order of magnitude lower for the W-Hf system,
respectively. To support our conclusion that a reduced
depinning current density will result in a reduced switch-
ing current density, we evaluate the influence of Joule
heating and the energy barriers for nucleation and de-
pinning of domains in both systems. Additionally, we
perform measurements of the spin Hall effective fields in
various configurations via harmonic response analysis to
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2ensure that the difference in the critical current densities
is not a result of significantly different spin-orbit torque
efficiencies.
II. METHODS
A. Sample Preparation
The thin films were grown in UHV magnetron (co-)
sputtering systems at room temperature on thermally
oxidized Si wafers and post annealed in a vacuum fur-
nace with a pressure below 5 × 10−7 mbar. W-Hf thin
films were prepared via co-sputtering. Thermal stabil-
ity of the amorphous phase was verified by comparing
the sheet resistance, measured via four-probe technique,
before and after annealing. A nominal tungsten con-
tent of 66 % was chosen for further investigations. All
layers in this sample were deposited with an Ar work-
ing pressure of 2 × 10−3 mbar. Perpendicular magnetic
anisotropy (PMA) was obtained with a thin CoFeB layer
and by post annealing the sample at 180 ◦C for 20 min.
The full stack is Si (001) / SiOx 50 nm / W66Hf34 8 nm
/ Co40Fe40B20 0.85 nm / TaOx 2.55 nm / SiN 1.5 nm.
For comparison, a reference sample consisting of Si (001)
/ SiOx 50 nm / Ta 8 nm / Co40Fe40B20 1.1 nm / MgO
1.8 nm / Ta 1.5 nm was prepared. The Ar working pres-
sure during the sputter deposition was 1.2 × 10−3 and,
for the MgO layer, 2.2 × 10−2 mbar. Here, MgO allows
for PMA with a thicker CoFeB layer. Longitudinal and
polar magneto-optical Kerr effect (MOKE) measurements
at room temperature were performed to characterize the
magnetization of the samples. In order to ensure compara-
bility of the two systems, the anisotropy that determines
the domain wall width is set to a similar value. There-
fore, the reference sample was post annealed for 20 min
at 280 ◦C to match the anisotropy of the W-Hf system.
Maintenance of the amorphous CoFeB during the anneal-
ing was, again, verified by measurements of the sheet
resistance. Additionally, the crystallinity of the samples
was investigated via X-ray diffraction (XRD) with Cu Kα
radiation in a diffractometer with Bragg-Bretano geom-
etry. The measurements were performed with a sample
offset to attenuate substrate peaks and clearly assign
any measured peaks to the thin films. The saturation
magnetization Ms was determined via vibrating sample
magnetometry (VSM).
The samples were patterned via electron beam lithog-
raphy and ion beam milling into line bars and Hall bars,
and Ta/Au contact pads were deposited via sputter de-
position subsequently. The line bars with geometries of
50 × 6µm2 and 100 × 2µm2, were used for observation of
domain dynamics and switching upon current injection.
The Hall bars, consisting of 40 × 3µm2 and 30 × 3µm2
bars with contact lines, were used to determine the SOT
efficiencies ξ.
B. Observation of Domain Wall Motion and
Magnetization Switching
CIMS was observed with a homebuilt Kerr microscope
utilizing the polar MOKE [21, 22], using a commercial
Carl Zeiss metallurgical microscope. While simultaneously
applying current pulses and static in-plane magnetic fields
(Bmax = 400 mT) parallel to the line bars, the brightness
of the Kerr image was measured as a function of the
applied current density. From the resulting hysteresis
loops (cf. Fig. 5(a)), jsw was obtained in dependence on
the pulse width τ and longitudinal field Bx. The final jsw
was calculated as a weighted mean from at least three
individual measurements. For more detailed information
about the error analysis and statistics we would like to
refer to our previous work[20].
CIDWM was observed in differential Kerr images. The
differential images are stabilized in software via frame-
cropping and FFT-based image registration [23]. Noise
reduction is achieved with a convolutional neural network
(FFDNet) [24, 25] running in real-time on a graphics pro-
cessing unit. The domain wall velocity vDW was obtained
from the displacement of a domain wall divided by the
number of pulses N and τ as a function of applied cur-
rent density. In multi-pulse experiments (N > 1), the
pulse on/off ratio was chosen small enough to ensure full
cool-down of the line between pulses.
C. Harmonic Response Analysis
The motion and expansion of domain walls is caused
by dampinglike (DL) and fieldlike (FL) effective fields
BDL/FL, which originate from the SHE due to an in-plane
current injection. A measure to compare these fields is
the spin-orbit torque efficiency
ξDL/FL =
2e
~
MstFMBDL/FL
j0
cAR. (1)
The DL and FL effective fields were obtained from har-
monic Hall voltage measurements. All measurements
were conducted by injecting an in-plane AC current
I(t) = I0 sin(ωt) into the Hall bars and simultaneously
recording the in-phase first harmonic and out-of-phase
second harmonic Hall voltages with a Zurich Instruments
MFLI multidemodulator lock-in amplifier. From the re-
sulting effective fields and the current density amplitude
j0, the presented SOT efficiencies ξDL/FL were determined
as a weighted mean from multiple measurements, taking
into account the aspect ratio of the Hall bars with a
correction factor cAR[26]. Because of the similar resistiv-
ities of all conducting layers (about 180 to 200µΩcm),
no correction within a parallel resistor model had to be
applied. However, we take into account the different ori-
entations of magnetic moments in both the domains and
the domain walls. In the latter case the moments lie,
even though the sample has PMA, in the film plane and
the resulting effective fields are not necessarily the same
3as for the out-of-plane oriented magnetic moments. To
separate and compare the effective fields, we conduct the
measurements in two geometries of the external magnetic
field, which is applied during the measurements.
For the determination of the effective fields with out-
of-plane geometry, representing the magnetic moments
in the domains, a measurement scheme as described by
Hayashi et al. [27] is useful. Following this scheme, the
SOT fields
Bx/y = −2
(
bx/y ± 2χby/x
)
1− 4χ2 (2)
were determined. The sign ± denotes the orientation
of ~M along ±z and χ = RP/RA the ratio of the pla-
nar and anomalous Hall resistances, which are obtained
from in-plane field rotation and out-of-plane field sweeps,
respectively. bx/y ≡
(
∂V2ω
∂H /
∂2Vω
∂H2
)
were extracted from
in-plane field sweeps longitudinal (x) and transverse (y)
to the Hall bars, where the x direction corresponds to the
DL and the y direction to the FL effective field. The field
sweeps were performed in a vector magnet consisting of
two coil pairs oriented along the x- and y-direction and a
maximum in-plane field of 0.3 T.
An in-plane measurement scheme identical to our pre-
vious work [20] was applied to obtain the effective fields
that cause torques in the domain walls. Here, a dual
Halbach cylinder array with a rotating magnetic field up
to Bext = 1.0 T (MultiMag, Magnetic Solutions Ltd.) was
used for in-plane field rotation. The scheme is facilitated
by the weak PMA in our samples. The current-induced
effective SOT field amplitudes BDL and BFL, associated
with the DL and FL spin-orbit torques, were derived from
the second harmonic Hall voltage rms value
V2ω =
(
−BFL
Bext
RP cos 2ϕ− 1
2
BDL
Beff
RA + α
′I0
)
Irms cosϕ.
(3)
The DL effective fields and the anomalous-Nernst contri-
bution α′I0 were separated by their dependence on the
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FIG. 1. XRD pattern of the annealed W66Hf34/CoFeB/TaOx
and Ta/CoFeB/MgO/Ta sample stacks. The Si (004) Peak is
attenuated by up to 400 times with respect to the specular
geometry. The (forbidden) Si (002) peak is suppressed below
the noise level of the measurement.
external field, see Ref. [20] for a detailed discussion of the
method. Here, ϕ is the in-plane field-angle with respect
to the current direction and Beff = −Bani + Bext is the
effective magnetic field. We use the convention Bani > 0
for spontaneous PMA.
III. RESULTS AND DISCUSSION
In our previous work [20], we reported on a large SHE
in W-Hf/CoFeB/TaOx/SiN films which was observed as
a result of the formation of an amorphous phase for a
tungsten content below 70%. Due to the accompanying
jump in resistivity, the spin Hall angle shows a pronounced
maximum of θSH = −0.2 at the phase transition. This sto-
ichiometry, however, showed a decrease in resistivity upon
post annealing, indicating crystallization. In order to find
a thermally stable amorphous composition with a SHA as
large as possible, W-Hf thin films with nominal tungsten
content of 62% to 68% were prepared. Thermal stability is
verified in all samples and the measured high resistivities
confirm equivalence to our previous work. To compensate
for slight process instabilities during the deposition, a
tungsten content of 66% was chosen for further investiga-
tions. Due to the usage of TaOx instead of MgO, which
is known to crystallize upon annealing, we assume to
maintain the all-amorphous character of our sample stack
throughout the sample processing. The final film stack has
an effective resistivity of ρxx = 185µΩcm and a magnetiza-
tion of Ms = 684 kA/m. The low magnetization indicates
the presence of a magnetic dead layer in the CoFeB, prob-
ably due to oxidation during the formation of the TaOx
layer. The XRD pattern of the annealed sample stack,
shown in Fig. 1, shows no evidence for a crystal structure
or an atomic local order, indicating an all-amorphous sys-
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FIG. 2. Longitudinal and polar MOKE measurements of
the final (a) & (b) W66Hf34/CoFeB/TaOx/SiN and (c) & (d)
Ta/CoFeB/MgO/Ta sample stacks.
4tem. From MOKE measurements, presented in Fig. 2(a)
and (b), an anisotropy field of Bani = 123 mT and a very
low coercive field of Bc ≈ 80µT were determined. The
latter allows for nucleation and expansion of domains
in the W66Hf34/CoFeB/TaOx/SiN film with low out-of-
plane field pulses, as shown in Fig. 3 for field pulses with
Bz = 100µT and τ = 0.1 s. The resulting domain only
contains few macroscopically visible pinning sites, exem-
plarily highlighted with red arrows in Fig. 3 image 8. Here,
the initial magnetic orientation is pinned and causes the
river-like structures in the radially expanding opposing
FIG. 3. Differential Kerr images of an opposing domain
nucleated and expanded by out-of-plane field pulses in a
W66Hf34/CoFeB/TaOx/SiN film with vDW ≈ 0.23 mm/s.
Each image was recorded after application of a single pulse
with Bz = 100µT and τ = 0.1 s. The red arrows in image 8
exemplary mark pinning sites.
FIG. 4. Differential Kerr images of opposing domains
nucleated and expanded by out-of-plane field pulses in a
Ta/CoFeB/MgO/Ta film with vDW ≈ 0.23 mm/s, each
recorded after application of a single pulse with Bz = 2.7 mT
and τ = 0.1 s. The red framed inset shows a domain nucle-
ated at the marked area with the same field pulse parameters,
observed with higher magnification.
white domain. From measurements of the growth of the
domain after each field pulse, we estimate a domain wall
velocity of vDW ≈ 0.23 mm/s, which corresponds to the
creep regime as will be discussed further below. An anal-
ysis with the ImageJ plugin Delaunay Voronoi yields
a pinning site mean distance of d = (144.5± 68.5) µm.
The Ta/CoFeB/MgO/Ta reference sample was post-
annealed to match the anisotropy of the W66Hf34 sample,
resulting in Bani = 120 mT and Bc = 3 mT, determined
from the MOKE measurements shown in Fig. 2 (c) and
(d). The final sample stack has an effective resistivity
of ρxx ≈ 180µΩcm and a saturation magnetization of
Ms = 1088 kA/m. From the XRD pattern in Fig. 1, we
infer the formation of β-Ta in this sample, which is in good
agreement with its large resistivity [28]. The prominent
peak at 2θ = 33.35◦ that corresponds to the β-Ta (002),
allows for determination of a minimum length of coherent
scattering Dz ≈ 6 nm via Scherrer’s formula. The broad
shoulder next to this peak could be caused by various
other scattering planes of the β-Ta, some of which are
marked in Fig. 1. In comparison to the W66Hf34 sample,
here the application of out-of-plane field pulses results
in the nucleation of many opposing domains with much
narrower and denser river-like structures, as shown in
Fig. 4. In the interest of comparability, the domain growth
was observed with the same magnification and domain
wall velocity of vDW ≈ 0.23 mm/s, which was achieved
with single pulses of Bz = 2.7 mT and τ = 0.1 s. From
the Delaunay triangulation we obtain a mean distance
d = (9.6± 5.0) µm between the pinning sites.
In Fig. 5(a) we show hysteresis loops obtained by ob-
serving CIMS in the 50 × 6µm2 line bars with varying
in-plane longitudinal fields in the all-amorphous W66Hf34-
based sample. Each data point was recorded after N = 20
pulses with a pulse width τ = 1 × 10−3 s. Analogously,
CIMS experiments were conducted with different pulse
widths and the resulting jsw is displayed in Fig. 5(b) as
a function of τ for varying in-plane fields. We observe a
decrease of jsw for increasing pulse width and longitudi-
nal field, with ultra-low switching current densities in the
range of 3 × 109 < jsw < 2.8 × 1010 A/m2. To the best
of our knowledge, these are the lowest switching current
densities reported so far in HM/FM bilayer systems and
a similarly low switching current density was found only
in an epitaxial system [29]. The same experiment was
performed with the Ta reference sample. The resulting
jsw, presented in Fig. 5(c), again shows a decrease with
increasing field and pulse width and matches the results
from other reports[11, 16] found for similar layer stacks.
However, with 1.2 × 1011 < jsw < 3.0 × 1011 A/m2 the
switching current density of the Ta reference is up to 40
times larger than in the amorphous W66Hf34 sample.
In order to rule out excessive Joule heating as a rea-
son for the ultra-low switching current densities in the
W66Hf34 sample, we calculate the temperature rise ∆T in
the line bars. We use a two-dimensional model as derived
by You et al. [30], to obtain the maximum temperature
5rise at the end of a current pulse (t = τ):
∆T (t) = c
whj2
piκSσ
[
arcsinh
(
2
√
µSt
αw
)
− θ (t− τ) arcsinh
(
2
√
µS (t− τ)
αw
)]
(4)
Here, κs and µs are the heat conductivity and the thermal
diffusivity of the Si substrate and c is a temperature
scaling factor to take into account the 50 nm SiO2 layer
on top of the substrate. The latter was determined from
FEM simulations to be c ≈ 1.45. α = 0.5 was chosen as
proposed by You et al.. As both samples are comparable
in terms of film thickness and resistivity we estimate ∆T
with h = 9 nm, ρ = 1/σ = 180 µΩcm, and w = 6 µm as a
function of τ and j, presented in Fig. 6 with a logarithmic
scale. The inset shows ∆T (t) for j = 1011 A/m2 and
τ = 5 × 10−6 s. The black and green markers highlight
the ∆T in the W66Hf34 and Ta line bars corresponding
to the switching current densities found for Bx = 10 mT
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FIG. 5. (a) Hysteresis loops recorded via Kerr microscopy
showing the Kerr image brightness as a function of the applied
current density for different in-plane fields Bx. Each data point
was recorded after pulsing N = 20 times with a pulse width of
τ = 1× 10−3 s. Switching current density in 50× 6 µm2 (b)
W66Hf34/CoFeB/TaOx/SiN and (c) Ta/CoFeB/MgO/Ta line
bars as a function of pulse width for different in-plane fields
obtained from the hysteresis loops. Data for τ = 10−7 s is
missing for Ta, because an amplifier with impedance mismatch
was used that distorted the short pulses. The solid lines show
fits of Eq. 5 to the experimental data.
and the investigated pulse widths τ , respectively. The
dashed line is the equi-temperature line with ∆T = 1 K
as a guide to the eye. We find a maximum temperature
rise of ∆TTa ≈ 50 K in the Ta line bars, while in the
W66Hf34 the temperature rise does not exceed ∆TW-Hf ≈
0.6 K. Therefore, the Joule heating is low in the W66Hf34
and can be neglected. In the Ta line bars, on the other
hand, the Joule heating is more prominent and we rather
underestimate the switching current densities here due to
the additional thermal activation provided by the Joule
heating. Next, we estimate the energy barrier EB,0 for
nucleation of an opposing domain. We start from the Ne´el-
Arrhenius equation τ = τ0 · exp (EB/kBT ) and assume
a lowered energy barrier EB = EB,0 · (1− jc/jc,0) due
to the effective fields that result from the current pulses.
This leads to the following fit equation for the switching
current density [31]
jc = jc,0
(
1− kBT
EB,0
ln
(
τ
τ0
))
. (5)
For the attempt time τ0 we assume τ0 = 1 ns. We obtain
the fits presented as dashed lines in Fig. 5 (b) and (c).
For Bx = 10 mT we find a nucleation energy barrier
of EB,0,WHf ≈ 0.65 eV for the W66Hf34 sample and
EB,0,Ta ≈ 0.78 eV for the Ta reference. The deviation
for short pulses from Eq. 5 can be explained by slow
domain wall propagation: While the current density is
large enough to nucleate an opposing domain, it is not
large enough to drive the domain through the line bar,
such that higher current density is needed to achieve full
switching in the time given by the current pulses.
For better understanding of the origin of the low switch-
ing current density we measure the velocity of domain
walls vDW as a function of the driving force, which is the
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FIG. 6. Calculated temperature rise ∆T due to Joule heating
as a function of pulse width τ and current density j from a
two-dimensional model (Eq. 4) [30]. The markers highlight the
∆T corresponding to the switching current densities obtained
for the W66Hf34 and Ta sample with Bx = 10 mT and the
investigated pulse widths τ , respectively. The dashed line
marks ∆T = 1 K. The inset shows the time-dependence of
∆T for j = 1011 A/m2 and τ = 5× 10−6 s (white cross).
6the applied current density in our experiement. It can
be generally divided in two regimes, the creep and the
flow regime, separated by a region in which the depin-
ning of the domain walls takes place[32–34]. In the flow
regime, the velocity shows a linear dependence on the
driving force while in the creep regime, the motion of
domain walls is thermally activated and the velocity can
be described by the creep law
vDW = vdep · exp
(
−Tdep
T
·
[(
j
jdep
)−1/4
− 1
])
. (6)
Here, jdep denotes the depinning current density and
Tdep/T = Edep/kBT = ∆dep corresponds to the thermal
stability factor of the system [35]. For the W66Hf34 sam-
ple the measurements were performed in the 50× 6µm2
line bars by applying current pulses with τ = 5× 10−7 s
and varying number N . CIDWM is observed for zero as-
sist field, indicating that the domain walls are of a partial
Ne´el-type due to the presence of Dzyaloshinskii-Moriya in-
teraction (DMI)[36]. Without an external magnetic field,
up/down and down/up domain walls move in the same
direction, indicating that they have the same chirality.
The motion of up/down and down/up domain walls was
analysed separately. The resulting domain wall velocity
for zero assist field, presented in Fig. 7(a), shows the
expected change in slope in the grey shaded area and,
therefore, allows for a distinction between the creep and
flow regime. By fitting the creep law (Eq. 6) to the
data obtained for low current densities up to the grey
shaded area we find a low depinning current density of
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FIG. 7. Domain wall velocity as a function of the
current density in (a) W66Hf34/CoFeB/TaOx/SiN and (b)
Ta/CoFeB/MgO/Ta for different in-plane fields. The high-
lighted area marks the region of depinning.
jdep = (3.9± 0.3)× 1010 A/m2, marked with the dashed
black line, and a thermal stability factor of ∆dep = 27± 4.
We define the depinning current density as the value j
where the creep law deviates from the measured data
by at least one standard error. Interpolating the CIMS
results in Fig. 5 (b) to τ = 5 × 10−7 s for Bx = 10 mT
we obtain the corresponding switching current density
jsw ≈ 2.5× 1010 A/m2, i.e. nearly identical to the depin-
ning current density for the same pulse width. We note
that Bx = 10 mT is approximately the threshold value for
observation of CIMS, which indicates that only for larger
Bx the homochirality of up/down and down/up domain
walls is broken. This allows to quantify the strength of
the DMI from an individual analysis of vDW for up/down
and down/up domain walls as a function of Bx[37, 38]. A
minimum of vDW is expected for a particular Bx, where
the sign of this field is opposite for the up/down and
down/up domain walls (not shown). Here, the effective
longitudinal DMI field is exactly compensated, result-
ing in Bloch-type domain walls at one side of a domain
and, therefore, vanishing BDL. From the threshold field
Bx = BDMI, the effective DMI constant
D = BDMIMs∆DW (7)
can be calculated [37, 38]. Here, ∆DW =
√
A/Keff is
the domain wall width parameter in which A ≈ 20 pJ/m
denotes the exchange constant [39] and Keff = BaniMs/2
is the effective uniaxial anisotropy [38]. With a threshold
value Bx ≈ 10 mT = BDMI and ∆DW ≈ 22 nm, a DMI
FIG. 8. Differential Kerr images depicting CIMS in
W66Hf34/CoFeB/TaOx/SiN. Single current pulses with j =
2×1010 A/m2 and τ = 1×10−4 s were applied with an in-plane
field of Bx = 20 mT.
7constant of D ≈ 0.15 mJ/m2 is obtained.
For jdep = 3.9 × 1010 A/m2 and τ = 5 × 10−7 s, we
find a depinning energy barrier of Edep ≈ 0.69 eV which
is comparable to the corresponding energy barrier EB,0 ≈
0.65 eV for nucleation of an opposing domain. This
results suggests that, as soon as an opposing domain is
nucleated, it can expand almost undisturbed in the line
bar at the same current density. Observation of the CIMS
process in the W66Hf34 line bars in the differential Kerr
image support this interpretation: As can be seen in Fig.
8, we find that the magnetization reversal happens via
nucleation of a single domain which then quickly expands
upon application of current pulses. Thus, the switching is
dominated by the motion of domain walls rather than by
the nucleation process [40] and, therefore, just the domain
wall velocity is the limiting factor for CIMS.
In the Ta reference sample, CIDWM is only observed
under application of longitudinal fields, indicating Bloch-
type domain walls [36], where the magnetic moments in
the domain walls are aligned parallel to spin direction σ
of the spin current. In order for a spin current to cause
a DL field BDL = σ ×m, the magnetic moments have
to be tilted by an external field to have a magnetization
component perpendicular to σ. For this experiment,
thinner and longer line bars had to be used to prevent
nucleation of domain walls at the line edges due to the
Oersted field and, on the other hand, to be able to observe
the faster domain wall propagation. The resulting domain
wall velocity, measured in line bars with a geometry of
100 × 2µm2 for different longitudinal fields and with
τ = 5 × 10−7 s, is presented in Fig. 7(b). Again, we
observe a change in slope in the grey shaded area.
Larger in-plane assist fields force the magnetization
within the domain walls to be parallel to the applied cur-
rent, resulting in a larger BDL and higher DW velocities.
The depinning current density is obtained from fitting the
creep law to the 10 mT measurement, as this field equals
the DMI effective field of the W66Hf34 sample. We find
jdep = (2.9 ± 0.3) × 1011 A/m2 and a thermal stability
factor ∆dep = 105± 7. The switching current density for
comparable pulse parameters is obtained by extrapola-
tion of the data in Fig. 5 (c). For Bx = 10 mT we obtain
jsw ≈ 2.5× 1011 A/m2, which is almost the same value as
the depinning current density. Using Eq. 4 we calculate
the corresponding temperature rise of ∆T ≈ 29 K for the
100 × 2 µm2 line bar and a resulting depinning energy
barrier of Edep ≈ 2.9 eV, which is considerably larger
than the according nucleation barrier EB,0 ≈ 0.78 eV.
This suggests that, in contrast to the W66Hf34 sample, in
the Ta reference sample the switching is dominated by
the nucleation of various domains and the pinning of the
domain walls is the limiting factor for the switching. This
conclusion is supported by observations of the nucleation
process of opposing domains in both systems (Fig. 3 and
4).
A comparison of the results of both samples also em-
phasizes a direct correlation between jdep and jsw, as
both current densities are of the same order of magnitude,
respectively. Additionally to the lower depinning and
switching current densities in the W66Hf34-based sample,
we observe a significantly lower thermal stability factor
∆dep, which is in good agreement with earlier investiga-
tions of the correlation between the thermal stability and
switching current density in CIMS and CIDWM experi-
ments with submicron stripes, where pinning results from
edge effects [? ].
Measurements of the DL and FL effective fields were
performed in both samples to ensure that the signif-
icantly lower switching and depinning current densi-
ties in W66Hf34 are not the result of a much larger
SOT efficiency. For the Ta reference, we find identi-
cal SOT efficiencies for both in-plane and out-of-plane
measurement schemes. Furthermore, DL and FL val-
ues are very similar, incidentally, where the weighted
mean is ξDL ≈ ξFL ≈ −0.056 ± 0.004. In the W66Hf34
sample, the out-of-plane measurements scheme yields
ξDL ≈ −0.138± 0.063 and ξFL ≈ −0.017± 0.063. From
the in-plane configuration, we obtain ξDL ≈ −0.143±0.015
and ξFL ≈ 0.092± 0.034. Again, the DL torques are very
similar in both schemes, whereas the FL efficiencies are
clearly different. The efficiency of the DL torque, which
gives rise to the current-induced motion of the domain
walls is approximately 2.5 times larger in the W66Hf34-
based sample. However, this is not sufficient to explain
the factor of up to 40 between the switching and depin-
ning current densities of the two sample types. The main
difference between the samples is thus clearly the pin-
ning strength, which is very weak in the W66Hf34-based
sample.
IV. CONCLUSION
In summary, we investigated the current-induced
magnetization switching in an all-amorphous
W66Hf34/CoFeB/TaOx sample stack, obtaining ultra-low
switching currents densities as low as 3× 109 A/m2. In
order to understand the origin of this ultra-low switching
current density we evaluated various characteristics of the
sample, some of which are summarised in Tab. I. Obser-
vation of domain wall motion reveals a depinning current
W66Hf34/CoFeB/TaOx Ta/CoFeB/MgO/Ta
Dz - ≈ 6 nm
d ≈ 145µm ≈ 10µm
jsw ≈ 109 − 1010 A/m2 ≈ 1011 A/m2
jdep ≈ 1010 A/m2 ≈ 1011 A/m2
∆dep ≈ 27 ≈ 105
TABLE I. Comparison of the evaluated key points of both
investigated systems: length of coherent scattering Dz, pinning
site mean distance d, switching and depinning current densities
jsw and jdep and the thermal stability factor ∆dep. For better
conciseness, the values here are an estimation of the order of
magnitude or rounded.
8density in the same order of magnitude with a ratio of
jdep/jsw ≈ 1.6. A comparison with a Ta/CoFeB/MgO/Ta
reference sample yields jdep/jsw ≈ 1.2, emphasising
that this ratio is universally close to unity [41]. This
result indicates a correlation between the switching
and depinning current density, where the switching is
limited by the propagation of domain walls, rather than
by their nucleation. We support this conclusion with
an evaluation of the energy barriers for the nucleation
and depinning EB,0 and Edep, and observations of the
nucleation and expansion of opposing domains in both
systems. The latter reveals strongly differing domain
structures with a mean distance of pinning sites d of at
least one order of magnitude larger in the W66Hf34-based
sample. Based on X-ray diffraction pattern we ascribe
this reduced pinning to the lack of a crystal structure
and in particular to the lack of grain boundaries and
associated inhomogeneities of the magnetic parameters.
The ultra-low switching current densities we obtained
for W66Hf34 therefore suggest that the all-amorphous
character of the sample results in reduced pinning. This
combination of a low pinning and the potentially large
spin Hall angle in all-amorphous heavy metals, given by
the intrinsic spin Hall effect due to the high resistivity,
could be interesting for further investigations in the
context of magnetization switching.
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